Escherichia coli transports lysine by two distinct systems, one of which is specific for lysine (LysP) and the other of which is inhibited by arginine or ornithine. The activity of the lysine-specific system increases with growth in acidic medium, anaerobiosis, and high concentrations of lysine. It is inhibited by the lysine analog S-(13-aminoethyl)-L-cysteine (thiosine). Thiosine-resistant (Tsr) mutants were isolated by using transpositional mutagenesis with TnphoA. A Tsr mutant expressing alkaline phosphatase activity in intact cells was found to lack lysine-specific transport. This lysP mutation was mapped to about 46.5 min on the E. coli chromosome.
The lysP-phoA fusion was cloned and used as a probe to clone the wild-type lysP gene. The nucleotide sequence of the 2.7-kb BamHI fragment was determined. An open reading frame from nucleotides 522 to 1989 was observed. The translation product of this open reading frame is predicted to be a hydrophobic protein of 489 residues. The lysP gene product exhibits sequence similarity to a family of amino acid transport proteins found in both prokaryotes and eukaryotes, including the aromatic amino acid permease of E. coli (aroP) and the arginine permease of Saccharomyces cerevisiae (CANI). Cells carrying a plasmid with the lysP gene exhibited a 10-to 20-fold increase in the rate of lysine uptake above wild-type levels. These results demonstrate that the lysP gene encodes the lysine-specific permease.
Three systems for the transport of the basic amino acids arginine, lysine, and ornithine exist in Escherichia coli. One, the arginine-specific system, transports only arginine (23, 25, 26) . A second, the lysine-arginine-ornithine (LAO) system, transports lysine and ornithine (23, 25, 26) and is inhibited by arginine, although arginine is not a substrate of the LAO system (23, 25) . The third system, termed the lysine-specific permease (LysP) system, is inhibited by the lysine analog S-(P-aminoethyl)-L-cysteine (thiosine) but not by ornithine or arginine (23) . The activity of the LysP system is increased in cells grown on enriched medium, with a concomitant decrease in the activity of the LAO system (24, 25) . Here, we show that a combination of growth conditions known to induce lysine decarboxylase also induces lysine-specific transport, including low pH, anaerobiosis, and lysine contentration in medium.
Thiosine has been used to select for mutants with alterations in lysine metabolism. Mutations which produce Tsr have been mapped at approximately 46 min on the E. coli chromosome. Both the lysP (22) and cadR (35) mutations produced pleiotropic phenotypes, decreasing lysine transport activity and increasing lysine decarboxylase activity. From those studies, it was not clear whether the cadR (ysP) locus is regulatory or also contains the gene(s) for the lysine permease. We reasoned that TnphoA mutagenesis, which has been used for topological analysis of membrane proteins (14) , should also be useful to identify the genes for membrane proteins. In this paper, we report the isolation of lysP-phoA fusions with extracellular localized alkaline phosphatase activity. One such fusion was mapped to about 46.5 min on the E. coli chromosome. The lysP gene was cloned and sequenced and shown to have similarity to a family of amino acid transport proteins including the aromatic amino acid (5) and phenylalanine-specific (20) permeases of E. coli, the arginine (10), histidine (37) , and proline permeases (38) of Saccharomyces cerevisiae, and the proline permease of Aspergillus nidulans (34) . * Corresponding author.
MATERLILS AND METHODS
Strains, plasmids, phages, and media. The E. coli strains, phages, and plasmids used in this study are listed in Table 1 . Except when noted, media were prepared according to Miller (16) . YT medium consisted of 4% tryptone and 3% yeast extract (24) . Antibiotics were each added at final concentrations of 40 ,g/ml, except when otherwise noted. Plasmid DNA preparation, endo-and exonuclease digestions, ligations, and transformations were performed as described elsewhere (30) . For selection of Tsr strains, medium E was supplemented with 100 ,ug of thiosine per ml and a mixture of amino acids and vitamins, as described by Novick and Maas (18) Identification of the lysP gene product. The T7 expression system was used as described previously (36) . Plasmid pBPR20 or pBPR30 was transformed into strain K38 (pGP1.2) containing the T7 RNA polymerase gene under the control of a temperature-sensitive repressor on plasmid pGP1.2. To enable labeling of cloned gene products, cells were grown at 30°C in Luria-Bertani medium to an optical density at 600 nm of 0.5. Cells from 1 ml of these cultures were washed four times each with 5 ml of M9 medium (16) . The cells were suspended in 2 ml of M9 medium lacking methionine but supplemented with 0.4% glucose, 20 ,ug of thiamine per ml, and a mixture of 19 amino acids, each at a concentration of 50 ,ug/ml. This culture was incubated at 30°C for 60 min. The T7 RNA polymerase was induced by transferring the culture to 42°C for 15 min. Rifampin was added to 0.2 mg/ml to inhibit E. coli RNA polymerase, and the incubation was continued for 10 min. The temperature was then shifted to 37°C for 60 min. The cells were labeled with 20 ,uCi of [35S]methionine (1,000 Ci/mmol) for 10 min at 37°C. The labeled cells were pelleted by centrifugation and suspended in sodium dodecyl sulfate (SDS) sample buffer for SDS-polyacrylamide gel electrophoresis (PAGE).
Reagents. Sequenase was purchased from United States Biochemical Corp. Oligonucleotides were synthesized in the Wayne State University Macromolecular Core Facility. Isotopes were purchased from New England Nuclear Corp. Thiosine, XP, and 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside (X-Gal) were obtained from Sigma Chemical Corp. All other chemicals were purchased from commercial sources.
Nucleotide sequence accession number. The lysP nucleotide sequence has been assigned GenBank accession number M89774.
RESULTS
Induction of lysine transport. In a preliminary communication, we reported that the two lysine permeases of E. coli responded differentially to growth conditions (24, 25) . When grown aerobically in a basal salts medium at neutral pH, the two systems contributed about equally to lysine uptake. When the cells were transferred to a YT medium, the activity of the LysP system increased, with a concomitant decrease in the activity of the LAO system. One factor which correlated with increased lysine transport was a decrease in medium pH, usually to a pH of less than 6. When cells were grown in buffered medium at pH 6, lysine transport was increased.
To investigate this phenomenon further, cells were grown in media with different combinations of low pH, anaerobiosis, and exogenous lysine. Lysine transport increased dramatically when the pH of the medium was shifted from 7.5 to 5.5, when the cells were grown under anaerobic conditions, and when 0.5% lysine was added to the medium (Fig. 1) .
Isolation and characterization of lysP-phoA gene fusions. Translational fusions with the phoA gene have been useful in identifying a membrane protein (14) . Tsr mutants of CC118 were created by TnphoA mutagenesis. Isolates which were blue on XP plates were considered candidates for gene fusions into the lysP gene, which would be expected to encode an inner membrane protein. One such fusion strain, BPR2, was examined in more detail. This strain was light blue on XP plates but was definitely more colored thanphoA mutant strains. In cells grown in YT medium, in which the majority of lysine uptake occurs via the lysine-specific system (24) , lysine transport was nearly absent in the phoA mutant, compared with the wild type, CC118 (Fig. 2) . As a control, leucine transport was shown to be identical in both strains (data not shown).
Genetic mapping of the lysP gene in the E. coli chromosome. The location of the lysP gene on the E. coli chromosome was mapped by Hfr crosses by using a collection of linked TnlO insertions (33) . A streptomycin-resistant derivative (LE392S), the rec+ E. coli strain LE392, was generated by nitrosoguanidine mutagenesis (16) . The lysP-phoA fusion was introduced into LE392S by P1 transduction to produce strain BPR392S by selection for resistance to thiosine, streptomycin, and kanamycin. This strain was used as a recipient in mating experiments with the donors from a set of strains having linked TnlO insertions (33) . Streptomycin-and tetracycline-resistant recombinants were isolated and scored for loss of kanamycin and thiosine resistance. The results indicated that the mutation is located between 45 (12) were used for dot blot hybridization with the BamHI-DraI fragment. Positive hybridization was observed with the following four phage clones: 7F1, 7H12, 5H11, and 4F2. DNA from each was digested with BamHI, ligated into the BamHI site of pUC19, and transformed into strain TG1. Plasmids with inserts were screened by dot blot hybridization with the radiolabeled lysP-phoA BamHI-DraI probe. Two positively hybridizing clones were shown by Southern analysis to have a 2.7-kb BamHI fragment which hybridized to the BamHI-DraI probe. One, termed pLYSP, originally derived from A phage clone 7H12, was used for further study (Fig. 3) .
Complementation of the lysP-phoA mutation. Plasmid pLYSP was introduced into strain BPR2 by electroporation. Lysine transport in BPR2(pLYSP) was increased approximately 100-fold above the level in the mutant and about 10-to 20-fold above wild-type levels (Fig. 2) .
For phenotypic complementation, the 2.7-kb BamHI fragment was cloned into the BamHI site of plasmid pACYC184 to produce plasmid pNE1, which was transformed in strain BPR2. The Tsr phenotype of strain BPR2 was transformed to sensitivity by plasmid pNE1. These results show that the lysP gene is contained within the 2.7-kb BamHI fragment.
Nucleotide sequence of the lysP gene. Sequence data were obtained for all 2,661 bp of the BamHI fragment from both strands with overlaps between sequenced regions. From computer analysis, three potential open reading frames were identified (Fig. 4) . The last reading frame, starting at bp 2286 and extending to the end of the fragment, is the 5' region of the cir gene, which encodes the colicin I receptor protein (17) potential -10 sequences at bp 410 and 440, but the corresponding -35 sequences are not obvious (8) . If those sequences are the start of transcription for lysP, then orfl would not be included in the transcript. These data would place lysP between nfo (6) and cir (17) on the physical map of the E. coli chromosome.
Similarity of LysP and amino acid permeases. The predicted translation product of the lysP gene is a protein of 489 residues with a predicted mass of 53,660 Da. From analysis of the hydropathy profile, the protein would be expected to be extremely hydrophobic, with 12 predicted membranespanning regions (Fig. 5) . The primary amino acid sequence exhibits similarity to a family of amino acid permeases, including the aromatic amino acid (33% similarity) (5) and phenylalanine-specific permeases (34% similarity) (20) of E. coli, the arginine (34% similarity) (10) , histidine (30% similarity) (37) , and proline (31% similarity) (38) permeases of S. cerevisiae, and the proline permease of A. nidulans (27% similarity) (34) (Fig. 6) . The similarities of these proteins are more apparent at the structural level, as shown by the alignment of the hydropathy profiles of the lysine-specific permease and the aromatic amino acid permease (Fig. 5) .
Expression of the lysP gene. To identify gene products, the BamHI fragment was put under control of the T7 phage promoter in plasmid pBPR20 and induced in the presence of rifampin and [35S]methionine (36) . An insert-specific band corresponding to a mass of about 40 kDa was observed (Fig.  7) . Although this is less than the predicted 53.7 kDa, many membrane proteins migrate anomalously fast on SDS-PAGE. To confirm its identity, plasmid pBPR20 was digested with PstI and religated, removing a 1,258-bp fragment, including the last 787 bp of the lysP gene and the cir sequence. The resulting construct would be expected to encode a truncated LysP polypeptide of 24.4 kDa, as was observed (Fig. 7) . Two distinct lower band were observed. These are approximately the sizes of the potential orfi product and the product of the truncated cir gene. The upper band was not observed in the subclone and may be the cir product. The less distinct lower band was still observed. Its relation to orfl is under investigation. DISCUSSION We have shown that the lysine-specific transport system is induced to its highest levels in anaerobic media of low pH containing lysine (Fig. 1) . The inducers of lysine decarboxylase, the enzyme which converts lysine to cadaverine, the product of the cadA gene, similarly include a combination of low pH, high concentration of lysine in the medium, and anaerobiosis (2, 7, 28 ). An increase in the uptake and decarboxylation of lysine is an adaptive response to medium acidification which results in formation of the intracellular base cadaverine and alkalinization of the cytosol. An (5); PheP, phenylalanine-specific permease of E. coli (20) ; ArgP, arginine permease of S. cerevisiae (10) ; HisP, histidine permease of S. cerevisiae (37); ProPl, proline permease of S. cerevisiae (38) ; ProP2, proline permease of Aspergillus nidulans (34) . the permease. We had previously isolated mutants defective in lysine-specific transport by resistance to the lysine analog thiosine (24) . Popkin and Maas (22) (36) . Whole-cell lysates were separated by SDS-15% PAGE gel followed by autoradiography. To each lane were applied samples derived from 0.2 ml of cell culture (optical density at 600 nm of 0.8).
To resolve this question, we selected Tsr mutants by transposon mutagenesis using TnphoA. Tsr could result from mutation of various genes, including the lysU gene for lysyl tRNA synthetase (9) . However, only cells with translational fusions to proteins with extracellular domains such as the lysine-specific permease would give blue colonies on XP plates. The mutant lacks lysine-specific transport (Fig. 2) and exhibits approximately fivefold higher lysine decarboxylase (2a). The mutation was mapped to 46.5 min on the E. coli chromosome. It is therefore similar in phenotype to the original lysP and cadR mutations. From sequence analyses of the cloned lysP gene and the lysP-phoA fusion gene, it is clear that (i) the mutation is within the coding sequence for the lysine-specific permease and that (ii) there are no genes downstream of lysP which could be within the same transcript as the permease gene. Thus, the loss of regulation of cadA results directly from loss of function of the lysP gene product. Whether the LysP protein acts as a regulatory protein in addition to its transport function must be determined.
The LysP protein is a member of a family of basic and aromatic amino acid permeases found in both prokaryotes and eukaryotes (Fig. 6 ). Phylogenetic analysis suggests that the lysine-specific permease is most closely related to the other E. coli permeases, but it is nearly as closely related to fungal permeases for basic amino acids (Fig. 8) A series of pairwise alignments of the sequences were made by using GENEPRO. The pairwise scores were used to align by computer all of the sequences against one another by the neighbor-joining method of Saitou and Nei (29) . The branch lengths in the phylogenetic tree are proportional to the numbers of amino acid substitutions separating each pair. amino acids (32) . It is also unrelated to basic amino acid antiporters, such as arcD (13) , and to the other lysine permease, the LAO system, which belongs to a different family, the osmotic-shock-sensitive amino acid permeases (1) .
The similarity of the LysP family of amino acid permeases is more apparent at the structural level, as demonstrated by superimposition of hydropathy plots of LysP with its homolog AroP (Fig. 5) . Putative a-helices I to IX are quite similar. Helices X to XII are not equivalent; the degree of similarity in the C-terminal regions of all of the homologs is weak (Fig. 6) Although there are no data on the role of any residues in the homologs shown in Fig. 6 , the multiple alignment yields some intriguing similarities. Most of the identities are glycyl or prolyl residues. These are probably located in turns, and replacement by bulkier residues would disrupt the structure. Many of the membrane-spanning regions have interchangeable leucines, isoleucines, or valines, again reflecting structural elements. There are insertions in the fungal permeases in the linker regions between helices II and III, between helices V and VI, and between helices VII and VIII. With the assumption that the N terminus is located in the cytosol, these insertions would be in the first cytoplasmic loop and in the third and fourth periplasmic loops.
Of note are six positions with either conserved glutamates (E71, E154, E156, E222, and E230 in LysP) or conserved aspartate (D113) and four positions with conserved basic amino acids (R20, R270, R330, and R337). Since all of these permeases are amino acid transporters, the conserved acidic residues are potential candidates for recognition of the ao-amino group, and the conserved basic residues may be involved in recognition of the carboxyl group of the substrate. For example, in the bacterial asparate receptor, the carboxyl-binding site uses hydrogen binding with arginyl residues (15) .
Three of the permeases transport basic amino acids, and four transport neutral amino acids. In the three proteins which transport positively charged amino acids, there is an acidic residue at the position corresponding to E16 in LysP. In the four proteins which transport neutral amino acids, this residue is a glycine. This is the only position in every protein in which the charge of the residue correlates with the charge of the substrate. E16 would therefore be a candidate for a recognition site for the £-amino group of lysine. The conserved acidic residues would be postulated to be in or near the first three cytoplasmic loops, the conserved basic residues in or near the fourth cytoplasmic loop, and the common acidic residues of the basic amino acid permeases near the J. BACTERIOL. cytosolically located N terminus. This may indicate that the substrate recognition sites for the permeases are closer to the cytosolic than the periplasmic side of the membrane, even though topologically, initial recognition takes place outside the cell. By analogy, the aspartate-binding site of the aspartate receptor is buried deep within the protein (15) . Thus, the permeases may have a single binding site that is topologically external but physically located near the cytosol.
